Sodium-taurocholate co-transporting polypeptide (Ntcp/ NTCP) is the major uptake transporter of bile salts in mouse and human livers. In certain diseases, including endotoxemia, cholestasis, diabetes, and hepatocarcinoma, Ntcp/NTCP expression is markedly reduced, which interferes with enterohepatic circulation of bile salts, impairing the absorption of lipophilic compounds. Therefore, normal Ntcp/NTCP expression in the liver is physiologically important. Berberine is an herbal medicine used historically to improve liver function and has recently been shown to repress STAT signaling. However, berberine effects on Ntcp/NTCP expression are unknown, prompting use to investigate this possible connection. Our results showed that berberine dose-dependently increased Ntcp expression in male mouse liver and decreased taurocholic acid levels in serum but increased them in the liver. In mouse and human hepatoma cells, berberine induced Ntcp/NTCP mRNA and protein expression and increased cellular uptake of [3H] taurocholate. Mechanistically, berberine decreased nuclear protein levels of phospho-JAK2 and phospho-STAT5, thus disrupting the JAK2-STAT5 signaling. Moreover, berberine stimulated luciferase reporter expression from the mouse Ntcp promoter when one putative STAT5 response element (RE) (؊1137 bp) was deleted and from the human NTCP promoter when three putative STAT5REs (؊2898, ؊2164, and ؊691 bp) were deleted. Chromatin immunoprecipitation demonstrated that berberine decreased binding of phospho-STAT5 protein to the؊2164 and ؊691 bp STAT5REs in the human NTCP promoter. In summary, berberine-disrupted STAT5 signaling promoted mouse and human Ntcp/NTCP expression, resulting in enhanced bile acid uptake. Therefore, berberine may be a therapeutic candidate compound for maintaining bile acid homeostasis.
Sodium-taurocholate co-transporting polypeptide (Ntcp/ NTCP; Slc10a1/SLC10A1) is the major uptake transporter for bile salts in mouse and human liver (1) (2) (3) . Bile salts, through enterohepatic circulation, play essential roles in solubilization and absorption of dietary fats, steroids, lipophilic vitamins, and drugs (4) . Many transporters are involved in the enterohepatic circulation of bile salts in the liver and small intestine, such as Ntcp/NTCP 3 (uptake of taurine-conjugated bile acids into liver), bile salt export pump (Bsep/BSEP, Abcb11/ABCB11; responsible for transporting bile acids from liver into bile), apical sodium-dependent bile salt transporter (Asbt/ASBT; responsible for ileal uptake of bile acids into enterocytes), and heterodimeric transporter complex organic solute transporter ␣/␤ (responsible for efflux of bile acids from enterocytes into portal circulation) (5) . In addition, some other transporters, such as organic anion transporting polypeptides and multidrug resistance-associated proteins, also transport bile acids across the cell membrane (6) . Dysfunction of these transporters will impair bile flow and consequently interfere with the absorption of dietary lipids and lipophilic drugs (7) . Therefore, it is physiologically and clinically important to maintain the expression of these transporters in the liver and intestine. Among the aforementioned transporters, Ntcp/NTCP has been reported to be down-regulated in a number of pathological conditions, including endotoxemia, cholestasis, hepatocarcinomas, and diabetes (8 -11) .
Ganguly et al. (12, 13) reported that activation of STAT 5 by prolactin induced Ntcp expression in rat. However, it is not known whether activation of STAT5 signaling similarly induces mouse and human Ntcp/NTCP expression. In the present study, by using berberine (BBR), an herbal medicine used historically to improve liver function and also an inhibitor of STAT signaling (14 -16) , we determined the impact of STAT5 signaling on the expression of mouse and human Ntcp/NTCP gene. Our results showed that BBR-disrupted STAT5 signaling promoted mouse and human Ntcp/NTCP expression, resulting in enhanced bile acid uptake.
Results
BBR Did Not Cause Apparent Liver Injury-Hematoxylin and eosin staining showed that BBR treatment, at all doses tested, did not change liver histology (Fig. 1A ). In addition, BBR administration once daily for 2 weeks did not markedly alter the liver to body weight ratios. Only 300 mg/kg BBR slightly decreased liver to body weight ratio ( Fig. 1B) . Moreover, BBR treatment did not increase serum levels of alanine aminotransferase (ALT), one of the common biomarkers of liver injury (Fig. 1C) .
BBR Enlarged Gallbladder-BBR treatment caused marked enlargement of the gall bladder at doses higher than 10 mg/kg body weight. A representative image of a gall bladder from a BBRtreated (100 mg/kg body weight) mouse is shown in Fig. 2A .
BBR Increased Expression of Major Genes Involved in Bile acid Biosynthesis and Transport in Male Mouse Liver-We next assessed the expression of major genes involved in bile acid biosynthesis and transport in male mouse liver in response to BBR treatment. The enzyme that catalyzes the first and ratelimiting step in the classic pathway, cholesterol 7␣-hydroxylase (Cyp7a1), was transcriptionally induced by BBR treatment at higher doses (30, 100, and 300 mg/kg body weight) (Fig. 2B ). In addition, the transporters that play critical roles in transporting bile acids were also induced by BBR treatment (Fig. 2B ). Ntcp and Bsep were both induced at doses equal and higher than 30 mg/kg body weight.
BBR Increased Hepatic Extraction of Taurocholate-Ntcp primarily transports taurine-conjugated bile acids, such as taurocholic acid (tauro-CA), into hepatocytes. As shown in Fig. 2C , BBR treatment decreased serum tauro-CA levels, and in the meantime increased liver tauro-CA levels, suggesting a stimulated tauro-CA extraction from mouse serum by the liver. Taken together, increased de novo production of bile acids and enhanced bile acid transport are responsible, at least partially, for the stimulated bile formation in BBRtreated mice ( Fig. 2A) .
BBR Induced Ntcp/NTCP Expression and Increased [ 3 H]Taurocholate Uptake in Mouse and Human Hepatoma Cells-In cultured mouse Hepa1c1c7 cells, BBR concentration-dependently induced Ntcp and Bsep mRNA levels at 12 ( Fig. 3A ) and 24 h (Fig. 3B ). In contrast, BBR did not markedly induce Cyp7a1 mRNA expression ( Fig. 3, A and B) . Ntcp protein levels were elevated in Hepa1c1c7 cells exposed to BBR for 48 h, as revealed FIGURE 1. BBR did not cause apparent liver injury in mice. Adult male C57BL/6 mice were treated with BBR (3, 10, 30, 100, and 300 mg/kg) or saline via gavage once daily for 2 weeks (n ϭ 5/treatment). After treatment, the mouse serum and liver were collected. A, images of mouse liver after hematoxylin and eosin staining. B, the ratio of liver to body weight. C, serum ALT levels. The data are expressed as means Ϯ S.E. (n ϭ 5 mice/group). Asterisks (*) represent a statistical difference (p Ͻ 0.05). CONT, control.
by immunocytochemistry ( Fig. 3 , C and D) and immunoblotting ( Fig. 3 , E and F). Specifically, consistent with its transporter function, the induced Ntcp protein appeared to be enriched in the membrane preparation ( Fig. 3E ). As expected, the [ 3 H] taurocholate uptake activity of Ntcp protein was also increased ϳ2.5-fold in the BBR-treated Hepa1c1c7 cells compared with control ( Fig. 3G ). In cultured human Hep3B cells, NTCP mRNA was induced by BBR at 12 h ( Fig. 4A ) and 24 h ( Fig. 4B ). BBR did not increase CYP7A1 expression in Hep3B cells either ( Fig. 4, A and B) . NTCP protein levels were also increased after a 48-h treatment, as evidenced by immunocytochemistry ( Fig.   4 , C and D) and immunoblotting ( Fig. 4 , E and F). Uptake of [ 3 H] taurocholate by human NTCP protein was increased ϳ3.0-fold in the BBR-treated Hep3B cells ( Fig. 4G ). Together, these results indicated that the induction of Ntcp/NTCP expression by BBR may be a conserved hepatic response existing in both human and mouse.
BBR Induced NTCP Expression in Additional Human Hepatoma Cell Lines-To ascertain the inductive effect of BBR on NTCP transcripts, we tested additional human hepatoma cell lines and identified three responsive lines, namely SK-HEP-1, SNU449, and SNU 475 ( Fig. 5 ), in addition to Hep3B cells. Similar to the response seen in Hep3B cells, BBR concentration-dependently induced NTCP transcript levels after 24 h, with a more prominent effect at higher concentrations (10 and 30 M).
BBR Stimulated Ntcp/NTCP Promoter Activity in Cultured Hepatoma Cells-Because BBR increased Ntcp/NTCP transcription in both mouse liver ( Fig. 1B ) and cultured hepatoma cells (Figs. 3 and 4), the influence of BBR on the promoter activity of mouse and human Ntcp/NTCP gene was investigated. As shown in Fig. 5 , BBR treatment concentration-dependently increased the luciferase reporter activity, which was driven by the mouse Ntcp gene promoter ( Fig. 6A ) or the human NTCP gene promoter ( Fig. 6B ).
BBR Decreased Nuclear Phospho-STAT5 and Phospho-JAK2 Levels Prior to Ntcp Induction-Phospho-STAT5 has been implicated in prolactin-dependent Ntcp induction in rat (13) . The impact of BBR treatment on protein levels of phospho-STAT5 was determined in cultured mouse and human hepatoma cells. Prior to the induction of Ntcp/NTCP protein (which was prominently detected after 48 h of BBR treatment), a significant reduction in phospho-STAT5 levels was observed in BBR-treated mouse and human hepatoma cells. As early as 12 h after BBR treatment, a concentration-dependent reduction in phospho-STAT5-positive cells was observed in mouse Hepa1c1c7 cells ( Fig. 7 , A and B) and in human Hep3B cells ( Fig. 7 , C and D). Furthermore, immunoblotting results confirmed that the nuclear phospho-STAT5 protein levels were decreased following BBR treatment ( Fig. 7E ). We next investigated what may cause the reduction in phosphorylation of STAT5. The Janus kinase (JAK) is a known upstream activator for STAT5. Because JAK is activated by phosphorylation, we determined the levels of phospho-JAK2 and -JAK3 by immunoblotting. We found decreased phospho-JAK2 but not -JAK3 in the nucleus of BBR-treated Hepa1c1c7 cells, which occurred after a 12-h treatment (Fig. 7 , G and H).
Deletion of STAT5 Binding Sites from the Ntcp Promoter Resulted in Augmented Promoter Activity-We performed in silico analysis of the mouse and human Ntcp/NTCP gene promoter sequences (3.5 kb upstream from transcription start site) and identified two and three consensus STAT5 binding sites in mouse and human Ntcp/NTCP gene promoter, respectively. We next investigated whether the identified STAT5 binding sites in the Ntcp promoter are responsible for BBR-induced Ntcp/NTCP expression by performing promoter partial deletion assay. In this study, we first engineered a series of truncated promoter constructs lacking one or more of these STAT5 binding sites. The schematic of truncated Ntcp promoter constructs is shown in Fig. 8A (mouse) and Fig. 8C (human). The fulllength mouse Ntcp promoter construct (spanning from Ϫ3462 to ϩ125 bp and containing two putative STAT5 sites; Fig. 8A ) exhibited an inducible activity upon BBR treatment ( Fig. 8B , black bars), whereas the truncated Ntcp promoter construct spanning from Ϫ790 to ϩ125 bp lacking the more distal STAT5 site (Ϫ1137 to Ϫ1129 bp) ( Fig. 8A ) showed constitutive activity without BBR treatment and a further elevated activity upon BBR treatment ( Fig. 8B, gray bars) . This result supports the idea that this distal STAT5 site has a negative influence on the Ntcp promoter activity, and its absence increased the basal and inducible promoter activity. For the truncated promoter excluding both STAT5 sites (spanning from Ϫ671 to ϩ125 bp; Fig. 8A ), its activity was restored to control level (empty vector), with or without BBR treatment ( Fig. 8B, striped bars) . It is possible that this proximal STAT5 site (Ϫ679 bp to Ϫ671 bp) is part of the core promoter required for the assembly of the transcription initiation complex, and deleting this site may impair the transcription initiation even when cells were stimulated. With respect to human NTCP promoter, three putative STAT5 sites were identified ( Fig. 7C ). It seemed the effect was modest when the distal one or two sites were deleted; however, when the third site (also most proximal to the transcription start site) was deleted, the greatest induction upon BBR treatment was observed ( Fig. 8D, dotted bars) . These results indicate that in the human NTCP promoter, the third and most proximal (Ϫ691 bp) STAT5 binding site was most likely to contribute to transcription repression by mediating p-STAT5 binding events.
BBR Decreased the Binding of Phospho-STAT5 to the Human NTCP Promoter-To investigate whether phospho-STAT5 actually binds to these putative binding sites (STAT5 response elements (STAT5Res)), we performed ChIP-qPCR analysis with human Hep3B cells. As shown in Fig. 9B , phospho-STAT5 protein was significantly enriched at Ϫ2164and Ϫ691-bp STAT5REs, but not at the distal Ϫ2898-bp STAT5RE. BBR treatment significantly decreased the binding of phospho-STAT5 protein to both Ϫ2164and Ϫ691-bp binding sites. This further demonstrated that the Ϫ2164and Ϫ691-bp STAT5 binding sites are cis-regulatory elements mediating phospho-STAT5-dependent transcriptional repression on NTCP expression.
Discussion
In the present study, we reported that BBR reduced nuclear levels of phospho-STAT5 and phospho-JAK2 and decreased the binding of phospho-STAT5 protein to the mouse and human Ntcp/NTCP gene promoter, thus relieving the transcriptional suppression by STAT5 and increasing Ntcp/NTCP gene expression. As a result of elevated Ntcp/NTCP levels, hepatic extraction of taurocholic acid, a typical substrate of Ntcp/NTCP transporter, was enhanced.
More than two decades ago, it was observed that a herbal plant goldenseal (Hydrastis canadensis) increased bile flow in humans (17) . The major active component in the goldenseal is BBR; however, the underlying mechanism is not known. Our findings provide a mechanistic explanation for the above observation. Bile flow is influenced by enterohepatic circulation and biosynthesis of bile acids. In the present study, we showed that BBR increased expression of Ntcp and Bsep, two key bile acid transporters in the liver, as well as Cyp7a1, the rate-limiting enzyme in the classical bile acid biosynthesis pathway. All of these actions of BBR lead to an enhanced bile flow. In addition to goldenseal, BBR is also found in many other medicinally important plants such as Berberis aquifolium (Oregon grape) and Berberis vulgaris (barberry) (18) . These plants have been used for over 3000 years in human history to treat various diseases (19) . Therefore, it is of clinical importance to investigate the effect of BBR on transporters and its potential role in influencing drug-drug interactions where these herbal medicines are applied.
The relatively low bioavailability of BBR was suggested to be due, at least in part, to its poor intestinal absorption (20) . BBR was identified as a substrate for P-glycoprotein, and the action of P-glycoprotein played an important role in the absorption of BBR (21) . To accurately mimic the pharmacokinetics of BBR in vivo, we chose oral gavage as the administration route for BBR in the mouse study. By using a range of BBR doses (3-300 mg/kg body weight), we demonstrated that BBR affected bile acid homeostasis in mice, particularly at 100 mg/kg, without apparent liver toxicity ( Figs. 1 and 2) . The positive in vivo results thus served as a proof of concept of the novel influence of BBR on the regulation of bile acid transporters, and we pro-ceeded to investigate the underlying molecular mechanisms using mouse and human hepatoma cells.
A previous report showed that activation of STAT5 signaling by prolactin induced rat Ntcp mRNA and transporter activity (12, 13, 22, 23) . In the current study, however, a decrease in nuclear phospho-STAT5 protein level and a reduced binding of STAT5 to Ntcp gene promoter are found to precede BBR-induced Ntcp/NTCP expression. Regarding the apparent discrepancy between the previous and the current studies, the answer lies in a species-specific context. Whether the STAT5 signaling has a positive or negative impact on Ntcp expression depends on the species employed in the study. For example, it has been demonstrated that STAT5 signaling influences gender-dimorphic expression of Ntcp in the liver in a species-specific manner. STAT5 signaling is stimulated by male pattern growth hormone secretion. Humans, mice, and rats all exhibit similar gender-divergent growth hormone secretion patterns (24) . However, liver Ntcp/NTCP expression is higher in females than in males in mice and humans (25) but higher in males than in females in rats (26) . It was discovered that in mice and humans, increased STAT5 signaling by male pattern growth hormone repressed Ntcp/NTCP expression, which lead to a female-predominant Ntcp/NTCP mRNA expression pattern (25) . In contrast, increased STAT5 signaling by growth hormone replacement mimicking male pattern secretion increased Ntcp expression in primary rat hepatocytes (27) . Therefore, the same STAT5 signaling stimulated by the same growth hormone resulted in opposite impacts on Ntcp expression in different species. In addition, activation of estrogen receptor decreased nuclear levels of phospho-STAT5 in female mice (28) , which correlated with higher Ntcp expression in female mice (25) . Together, activation of STAT5 signaling increased Ntcp expression in rats but decreased its expression in mice and humans. On the other hand, inactivation of STAT5 signaling, by BBR or activation of estrogen receptor, increased Ntcp/ NTCP expression in mice and humans.
In addition, because STAT5 signaling pathway similarly regulated mouse and human Ntcp/NTCP expression, the mouse In the present study, we showed that BBR decreased nuclear level of phospho-STAT5 protein. Furthermore, we demonstrated that a decrease in nuclear phosphorylated/active JAK2 was concomitant with the reduced phospho-STAT5 (Fig. 7, G  and H) . Cellular signals relayed by JAK family members often lead to phosphorylation and activation of STATs (29, 30) . Recently, BBR chloride has been identified as a novel inhibitor for JAK3 with specificity and potency in a myeloid cell line (31) . However, in hepatocytes we identified JAK2 not JAK3, whose activation (as reflected by phosphorylated protein level) was decreased upon BBR treatment. Therefore, the reduced phospho-JAK2 consequently contributed, at least in part, to the decreased phosphorylation of STAT5.
In mice receiving BBR via gavage for 2 weeks, we observed markedly enlarged gallbladder volume on the day of sacrifice (between 9:00 and 9:30 a.m.). This observation indicates elevated gallbladder filling activities in BBR-treated mice. It has been reported that FGF15 (FGF19 in human) derived from ileum and G protein-coupled bile acid receptor (TGR5) expressed in gallbladder play important roles in gallbladder filling via independent mechanisms (32, 33) . The expression of ileal FGF15 was not affected by BBR treatment (data not shown), and thus it is of interest to investigate the involvement of TGR5 signaling in BBR treatment. In addition, in mouse liver, BBR markedly increased Cyp7a1 expression. However, the underlying mechanism by which BBR induced Cyp7a1 expression is not known, which merits further investigation.
In addition to functioning as a major bile acid uptake transporter in the liver, a number of recent studies reported that Ntcp protein facilitates the entry of hepatitis B virus (HBV) and hepatitis D virus into hepatocytes (34 -37) . In these studies, Ntcp protein was identified as a cell surface receptor for HBV, and it was shown to convey hepatocyte susceptibility to HBV infection (37) . The present study shows that BBR induces Ntcp expression in hepatocytes, and consequently, its usage may increase the risk of hepatitis virus infection. In this regard, our study calls for caution when employing BBR-containing herbal medicines as antibiotics against bacterial infection and recommends risk assessment for potential hepatitis virus infection.
Materials and Methods
Chemicals-Berberine chloride was purchased from Alfa Aesar (catalog no. 50330221; Ward Hill, MA). Formaldehyde was purchased from TCI America (Cambridge, MA). Paraformaldehyde was purchased from Acros (catalog no. AC4167850003; Belgium, Brussels). The ChIP assay kit (EZ-ChIP, catalog no. 17-391) was purchased from Millipore (Billerica, MA). Animal Study and Tissue Collection-Eight-week-old adult male C57BL/6 mice were purchased from the Jackson Laboratory, maintained in an environmentally controlled facility at the University of Kansas Medical Center with lights on from 6:00 a.m. to 6:00 p.m., and allowed free access to water and standard rodent chow (Teklad; Harlan, Indianapolis, IN). At approximately 2 months of age, the mice were treated with either BBR or saline (vehicle) via gavage once daily for 2 weeks. Upon completion of treatment, gallbladder, blood, and liver from control and treated mice were collected between 8:30 and 10:00 a.m. The University of Kansas Medical Center Animal Care and Use Committee approved the protocols for the care and use of the animals.
Quantification of Taurocholic Acid in Mouse Serum and Liver-The blood was allowed to coagulate and centrifuged at 10,000 ϫ g for 15 min. The resultant supernatant (serum) was collected for analysis. Total bile acids were extracted from mouse serum and liver as previously described (38, 39) . UPLC-MS/MS analysis was performed to determine the levels of taurocholic acid in mouse serum and liver (38, 39) .
Quantification of ALT Levels in Mouse Serum-Freshly collected mouse serum samples were analyzed by enzymatic colorimetric assays using ALT assay kit in accordance with manufacturer's protocols (Pointe Scientific).
Histology-Fresh liver samples were embedded in 10% zinc formalin (Fisher Scientific). Liver sections (4 m in thickness) were stained with hematoxylin and eosin for the evaluation of liver histology and hepatic injury.
Cell Culture and Treatment-Mouse hepatoma cells Hepa1c1c7 (ATCC, catalog no. CRL-2026) and human hepatoma cells Hep3B (ATCC, catalog no. HB-8064) were maintained in minimum essential medium ␣ MEM (Mediatech), respectively, supplemented with 10% FBS at 37°C in a humidified atmosphere of 5% CO 2 . Human hepatoma cells SK-HEP-1, SNU449, and SNU475 were cultured in either DMEM (high glucose with pyruvate; Gibco, catalog no. 11995081) or PRMI-1640 medium (Gibco, catalog no. A1049101) as previously described (40) . The cells were seeded into 6-well plates (3 ϫ 10 5 /well) or chamber slides (1.0 ϫ 10 5 /chamber) and allowed to adhere for 16 -24 h before BBR treatment. The cells were then incubated with or without BBR at the specified concentrations for indicated duration. The medium was refreshed every 24 h if the treatment was longer than 24 h.
RNA Extraction and Quantification-Total RNA was extracted using RNA Bee reagent (Fisher Scientific Inc.) or TRIzol RNA extraction reagent (Life Technologies, Inc.) as per the manufacturer's instructions. RNA concentrations were quantified at 260 nm with a spectrophotometer (Eppendorf Biospectrometer, Hauppauge, NY). RNA samples with an A 260 /A 280 ratio between 1.8 and 2.0 were used for further analysis.
RT-qPCR Assay-Reverse transcription and qPCR were performed as previously described (41) . Briefly, total RNA was first reverse-transcribed into cDNA using SuperScript II reverse transcriptase (Life Technologies, Inc.) following the manufacturer's instructions. Quantitative PCR was performed using SYBR Select Master Mix (Life Technologies, Inc.) in a StepOne Plus (Applied Biosystems, Foster City, CA) or AriaMx (Agilent Technologies, Santa Clara, CA) real time qPCR system. The data were calculated according to the comparative ⌬⌬CT method and presented as relative fold of the control. Primers used in qRT-PCR were designed with Primer3 software (version 4), were synthesized by Integrated DNA Technologies (Coralville, IA) or Eurofins Genomics (Huntsville, AL), and are listed in Table 1 . All primers were validated to confirm optimal amplification efficiency prior to qPCR analysis.
Immunocytochemistry-The cells were cultured in chamber slides and treated with or without BBR. Following fixation (4% freshly prepared formaldehyde) and permeation (0.1% Triton X-100 in PBS), the cells were incubated with BLOXALL Solution (Vector Laboratories) to eliminate endogenous peroxidase activity. Upon blocking in 5% goat serum in PBS, the cells were incubated with anti-Ntcp/NTCP antibody (catalog no. ab131084; Abcam, Cambridge, MA; 1:200) or anti-phospho-STAT5 (Tyr 694 ) (catalog no. 4322; Cell Signaling Technology, Danvers, MA; 1:100) in 2.5% goat serum in PBS at 4°C overnight followed by incubation with Pierce goat anti-rabbit IgG (HϩL) biotin-conjugated secondary antibody (Thermo Fisher Scientific) at room temperature for 2-4 h. Cells were then washed and incubated with Pierce high sensitivity streptavidin-HRP (Thermo Fisher Scientific) for 1 h at room temperature. Color development was achieved using ImmPACT NovaRED peroxidase (HRP) substrate (Vector Laboratories) according to the manufacturer's instructions.
Protein Extraction and Western Blots-Upon treatment completion, the cells were harvested and membrane and cytoplasmic portions were separated and extracted using Mem-PER Plus membrane protein extraction kit (catalog no. 89842, Thermo Fisher Scientific). The nuclear and cytoplasmic proteins were separated and extracted using a NE-PER nuclear and cytoplasmic extraction kit (catalog no. 78835, Thermo Fisher Scientific). Protein concentrations were quantified with a spectrophotometer and separated by a SDS-PAGE (12% gel for Ntcp/NTCP protein; 10% gel for phospho-STAT5 and phospho-JAK2; 15% gel for histone H3). After blotting, PVDF membranes were blocked for 2 h in 5% nonfat milk (for Ntcp/NTCP) or 5% BSA (for phospho-STAT5 and phospho-JAK2) in TBS. The membranes were washed in TBS and incubated with anti-Ntcp/NTCP antibody (catalog no. ab131084, Abcam; 1:1000 for Hep3B cells and 1:600 for Hepa1c1c7 cells) in 2.5% nonfat milk, anti-phospho-STAT5 (Tyr 694 ) (catalog no. 4322, 1:1000; Cell Signaling Technology), or phospho-JAK2 (Tyr 1007/1008 ) (C80C3) (catalog no. 3776, 1:1000; Cell Signaling Technology) in 5% BSA at room temperature for 2 h, followed by overnight incubation at 4°C. Membranes were washed and incubated with secondary antibody (goat anti-rabbit IgG biotin-conjugated, 1:5000, Thermo Fisher Scientific) in 2.5% nonfat milk or BSA for 2 h at room temperature. Membranes were washed again, followed by 30 min of incubation with Pierce high sensitivity streptavidin-HRP (1:5000, Thermo Fisher Scientific) in TBS containing 0.1 mg/ml BSA and 10 mM HEPES at room temperature. ␤-Actin and histone H3 were used as loading controls. Immunoreactive protein bands were detected with Immobilon Western chemiluminescent HRP substrate (catalog no. WBKL S00 50, EMD Millipore, Billerica, MA).
[ 3 H]Taurocholic Acid Uptake Assay-The cells were treated with or without BBR for 48 h in T-75 flasks and detached with the BD Accutase cell detachment solution and counted immediately before the uptake assay. The uptake assay was performed following protocols previously described (2, 3, 42).
Briefly, aliquots of cells (1.5 ϫ 10 6 /aliquot) were incubated at 37°C with uptake buffer containing [ 3 H]taurocholic acid (3-10 Ci) for 6 h with gentle shaking every 20 min. The cells were then washed with ice-cold PBS, lysed, and placed in 5 ml of scintillation fluid. Radioactivity was measured in a Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL).
Cloning of Full-length and Truncated Ntcp/NTCP Gene Promoter-BAC clones containing either mouse Ntcp or human NTCP promoters were purchased from BACPAC resources (Children's Hospital Oakland, Oakland, CA). The proximal portion of the Ntcp/NTCP gene promoter (3.5 kb upstream of the transcription start site) was defined as the fulllength promoter and cloned from BAC clones into the pGL3basic vector (Promega) with KpnI and XhoI restriction sites and primer pairs specific to mouse Ntcp promoter or human NTCP promoter. For truncated promoter constructs, the locations of the forward primers and the shared reverse primer are depicted in Fig. 8A (mouse) and 8C (human). Primer sequences and restriction sites used are listed in Table 2 . The accuracy of all promoter constructs was confirmed by DNA sequencing (Eurofins Genomics, Huntsville, AL).
Transfection and Dual-Luciferase Reporter Assay-Corresponding promoter constructs were transfected into mouse Hepa1c1c7 or human Hep3B cells, using Lipofectamine 2000 transfection reagent (Life Technologies, Inc.) following the manufacturer's instructions. Briefly, the cells were seeded onto 24-well tissue culture plates 1 day before transfection. Plasmid DNA (0.8 g) of the empty pGL3 basic vector (catalog no. E1751, Promega) or promoter-containing pGL3 basic vector, plus 10 ng of pRL Renilla luciferase reporter vector (catalog no. E2261, Promega) was mixed with Lipofectamine 2000 at 1:3 ratio (2.4 l) and dispensed to each well. After 24 h of incubation, transfection medium was replaced with fresh growth medium containing BBR at indicated concentrations. After a 48-h treatment, the cells were harvested and processed for Dual-Luciferase reporter assays per the manufacturer's instructions (catalog no. E1910, Promega).
ChIP-qPCR Assay-The putative STAT5 binding sites present in the 3.5-kb promoter regions of the mouse or human Ntcp/NTCP gene promoters were identified using on-line transcription factor binding site searching program Alibaba 2.1. The binding of p-STAT5 to these putative STAT5 binding sites was analyzed by ChIP-qPCR assays in human hepatoma Hep3B cells using an EZ-ChIP assay kit as per the manufacturer's instructions. Hep3B cells cultured in T-75 flask were treated with water (vehicle) or BBR (5 and 10 M) for 12 h followed by cross-linking with formaldehyde at a final concentration of 1% for 10 min at room temperature. Sonication of cell genomic DNA was achieved by using Sonic Dismembrator ultrasonic processor (Fisher Scientific) at the following specific settings: amplitude 30; 10 s on and 30 s off, 26 cycles. Confirmed by agarose-gel electrophoresis, the resultant DNA fragments predominantly ranged in length from 200 to 1,000 bp. Sonicated samples were proceeded with chromatin immunoprecipitation using an IgG control antibody or anti-p-STAT5 antibody (catalog no. 9351, phospho-STAT5 (Tyr 694 ), Cell Signaling Technology). The precipitated DNA fragments were then purified and analyzed by qPCR. The primers flanking the identified STAT5 binding sites present in the human NTCP gene promoter are depicted in Fig. 9A , and their sequences are listed in Table 3 .
Statistical Analysis-The data are expressed as means Ϯ S.E. The data from the two-sample comparison were analyzed by Student's t test. The data of three or more sample comparison were analyzed by one-way analysis of variance, followed by Duncan's post-hoc test using statistics software (StatSoft Inc., Tulsa, OK). Statistical significance was set at p Ͻ 0.05.
Author Contributions-P. B., Y. L., and X. C. participated in research design, and P. B., Y. L., Yu. Z., Yo. Z., and X. C. conducted experiments, performed data analysis, and wrote or contributed to the writing of the manuscript. 
